The convolutive X-ray peak profile-fitting methodology described in the previous paper [Enzo, Fagherazzi, Benedetti & Polizzi (1988). J. Appl. Cryst. 21,[536][537][538][539][540][541][542] has been applied to a series of fluorite samples milled for different times and two zirconia ultrafine powders, by using either pseudo-Voigt or Voigt (in the Kielkopf approximation) functions, in order to investigate the broadening due to microstructural factors (crystallite size and lattice distortions). In the fluorite milled powders Fourier analysis (Warren & Averbach and Vogel, Haase & Hosemann methods) has shown that lattice disorder is due to dislocations. Values for the crystallite size as well as for the lattice distortion parameters similar to those obtained with Fourier methods have been found using a suitable integral breadth plot based on an assumed Cauchyian shape for the broadened profiles. A very high computability limit was reached for the crystallite size (about 5000A). In the ultrafine powders of zirconia the cubic, tetragonal and monoclinic polymorphs were studied. The noticeable Gaussian content present in the 222 reflections for both cubic and tetragonal forms can be explained in terms of the presence of'intercrystalline'-like distortions. This kind of lattice distortion, detected by means of the Fourier analysis, has also been confirmed by 'simplified' methods (two-line and single-line procedures). Examples of limitations of the present methodology are reported and discussed.
Introduction
We have tested the best-fitting procedure described in the previous paper (Enzo, Fagherazzi, Benedetti & Polizzi, 1988) , referred to as I in the present article, in two different cases.
First, we employed different samples obtained by milling a standard fluorite powder (f.c.c. structure) in order to evaluate the broadening of single (not overlapped) X-ray reflections. In this case we also carried out a comparison between the convolutive method proposed here and more classical approaches.
Second, we employed two samples of ultrafine zirconia powders produced by calcining an amor-phous hydrated zirconia, obtained by precipitation according to two different routes (Benedetti, Fagherazzi & Pinna, 1988) . One sample has a cubic structure and the other is a mixture of tetragonal (83 vol.%) and monoclinic (17 vol.%) phases. In the diffraction pattern of these two samples, clusters of different degrees of complexity were investigated. For the case of clusters composed of many severely overlapped peaks, we have introduced structural constraints, based on crystallographic a priori assumptions. This can be justified when known crystalline structures are studied.
As indicated in I, in the present line-broadening study the experimental peaks are replaced by the profiles calculated by the refinement route. With this approach it is now possible to investigate overlapped reflections, which otherwise could not be well defined. This enables much better precision to be achieved in the data processing, but some limitations due to the analytical model employed arise in some peculiar cases, as will be reported and discussed later.
For the line-broadening study we used Fourier methods such as the Warren & Averbach (1950 , 1952 (WA) and the Vogel, Haase & Hosemann (1974) (VHH) approaches, which were described concisely in the previous paper. For comparison purposes, the socalled 'simplified' methods (Klug & Alexander, 1974) , based on the peak integral breadths, were also applied.
Results and discussion of the fluorite milled powders
We chose a standard fluorite powder [space group Fm3rn; a = 5-460(2) A,, as determined from the present data], whose reflections are very narrow, not too far from that due to instrumental factors only. By milling this powder for 0-5, 1.5 and 3 h we obtained samples with decreasing crystallite size, and with increasing lattice disorder.
The analysis of the broadening was carried out on the pairs of reflections 220-440. Fig. 1 shows the corresponding fitted peak profiles of the two samples milled for 0.5 and for 3 h. Table 1 shows thc full width at half maximum (FWHM) (2o9), the 'Gaussian content' (1-r/) and the reliability indices R v and R' v for the 'pure' best-fitted pseudo-Voigt functions (K~I profiles), obtained by the convolutive optimiza-0021-8898/88/050543-07503.00 ~ 1988 International Union of Crystallography 0"100 2"1 2"2 0"011 2'5 2-8 0"032 2"4 2"8 < 10 -3 2-4 3"2 < 10-3 2"9 3"0 <10 -3 3"3 5-1 2"0 2"1 2"3 3"9 the pseudo-Voigt and Kielkopf 2 2 0 0"279 <10 -3 3 h 4 4 0 0.784 < 10-3 * Very similar results to the present ones were obtained using the Kielkopf approximation. This is because functions are two good approximations to the Voigt function. 
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Step sizes of 0.02 or 0"05 ° in 20 were used throughout the angular ranges examined.* Table 2 records the microstructural parameters deduced with the WA as well as with the VHH method starting from the Fourier transforms of the best-fitted profiles. For illustration purposes, Fig. 2 shows the two T(L) Fourier transforms for the sample milled for 3 h and the related TS(L) Fourier coefficients (describing the broadening due only to crystallite size and faults, if present). The data points are obtained from *It is worth noting that the different absorption coefficients of ~-quartz, fluorite and zirconia do not cause substantially different asymmetry effects due to specimen transparency. All the powder samples investigated here were 2 mm thick: the required "infinite' thickness for reflection geometry was therefore fully reached. the ordinate intercepts in the WA 'strain' plot [see equation (8) of I]. The trend of TS(L) shows, for all milled samples, a strict exponential dependence due to the almost purely Cauchyian shape of diffraction profiles. The linear trend, present in the TS(L) vs L plot at small L values, enabled us to obtain the areaweighted average crystallite size £Sef f (by means of linear regression computation) to a high degree of accuracy. The normalized volume distribution function of the crystallite sizes [J'o P,,(L) dL= 1 ], obtained from formula (10) of I, is shown in Fig. 3 for each of the three milled powders. From all the results recorded in Tables 1 and 2 it is possible to observe that:
Fourier methods
(i) The use of pseudo-Voigt (pV) functions gives values similar to the ones obtained using the Kielkopf (1973) approximation (see paper I). Obviously, the highest disagreement between the two approaches has been reached for the two powders having the narrowest diffraction peaks.* (ii) The present procedure has permitted us to measure crystallite sizes up to about 5000 A, with an error which can be estimated as about +20% for these very large figures, while it decreases to about + 10% for sizes in the range 200-500 A. We have *The discrepancies observed between the two approaches serve as a warning of the possible sensitivity of the method to the precise analytical form of the fitted function. reached this very high resolution limit because, in the present application of the convolutive method of extraction of the 'pure' peak profiles, a much higher precision and stability in the mathematical solution can be obtained than with more traditional techniques like the deconvolutive procedure.
(iii) The systematic differences between the values of (e2) l/z, derived from the WA method (see Fig. 4 ) and computed by us at L = (D>/2, and the values ofg, derived from the VHH method, are only apparent, owing to their different definition (see paper I). A nearly perfect hyperbolic trend in the (eZ(L)> vs L plot has been obtained, and this is paralleled by a nearly perfectly linear trend in the VHH plot, where In[T(L,n)/T(L,n+ 1)] vs L is recorded. This behaviour can be interpreted as due to the presence of 'intracrystalline' disorder (Rothman & Cohen, 1971; Crist & Cohen, 1979) caused by dislocations inside each crystallite or to 'paracrystallinity' according to Hosemann's theory (Hosemann & Bagchi, 1962) . In the present case no physical reason can justify the presence of paracrystallinity. A high number of dislocations associated with the microstrains produced by the milling action is the most logical explanation for the lattice disorder investigated here.
In order better to evaluate the importance of the convolutive method with respect to the traditional procedures, we have performed two other different approaches.
(a) We fitted both fluorite peaks and the corresponding ~-SiOz reference peaks to pV functions, therefore without taking asymmetry into account. Then we applied the deconvolution scheme to get the Fourier transforms corrected for instrumental broadening. In all four sections of Table 2 , in which the WA and the VHH analysis results are recorded, the first column (a) shows the microstructural parameters thus calculated for the two samples milled for longer times. While the lattice distortion parameters agree very well with those obtained with the convolutive method, the crystallite sizes are all significantly higher. The approach described here as (a) does not work for the two samples (not-milled and milled for half an hour only) whose diffraction peaks are very narrow. In these two cases strong irregular oscillations in the Fourier coefficient plots do not allow the application of the procedure.
(b) For comparison purposes also, we carried out a data analysis using the WA method starting from the experimental (not-fitted) intensities and then applying the classical Stokes (1948) method, in order to have the corrected Fourier coefficients. The truncation effects on the Fourier coefficients were minimized simply by keeping the peak tails as long as possible and suitably lowering the background line. Fig. 5 shows the Fourier coefficients obtained for the sample milled for 3 h, which are in fairly good agreement with the corresponding Fourier transforms of Fig. 2 only up to about 200 A. The evident oscillations and 'irregularities' present in Fig. 5 , which are usually produced in this type of analysis when the experimental data are not smoothed, give some negative values for pv(L), which have no physical meaning. Therefore, by applying the classical WA method also in the case of a well broadened peak such as the present one, we did not succeed in determining the volume-weighted crystallite size, in agreement with previous results (Warren, 1969; Fagherazzi, Zardetto & Raiteri, 1981; Delhez, de Keijser & Mittemeijer, 1982) . Moreover,/~eff was found to equal 250(40) instead of about 180(20) A, as calculated via the convolutive method.
Simplified methods
The 
where//(20) is expressed in rad, 2 is the wavelength of the radiation used and 20o is the maximum of the peak. Fig. 6 shows a fl(s) vs n 2 plot for the 220-440 pair of reflections computed for the three milled samples, where n is the reflection order. This plot is based on formula (16) of I.
The E crystallite size and the g distortion parameter thus obtained (indicated in Fig. 6 ) are very close to the (D), and g values computed by Fourier methods (see Table 2 ).
Results and discussion of the ultrafine zirconia powders
Fourier methods Cubic form. The sample investigated was prepared by calcining at about 710 K an amorphous hydrated zirconia obtained by precipitation at pH = 13 using a solution of NaOH as alkali (Benedetti et al., 1988) . The fluorite-like f.c.c, structure of the cubic zirconia [a = 5"116(1) ~, as determined from the present data] allowed us to carry out both the WA and the VHH analyses along the crystallographic direction [111] using the two reflections 111-222. As far as the 222 reflection is concerned, a partial, but meaningful, overlapping with the strong adjacent 311 reflection is clearly present (see Fig. 7 ). Only by means of a profile refinement method, similar to the present one, is it possible adequately to separate and therefore entirely to define the 222 reflection. with dhkt the interplanar spacing• towards higher L values, is not due to a real bimodal distribution, but rather to too large a difference in the 'Gaussian content', 1 -i,/, between the pure Cauchyian 111 reflection [(1-r/)< 10 -8 , as calculated by the computer] and the 222 reflection [(1-r/) =0"31-1. This artefact could originate when the (1 -r/) parameter is overestimated in the second-order reflection. In our experience, in order to minimize this possible error it is necessary to consider as well the possible tail contributions to the envelope of peaks investigated. The (~2(L))1/2 13S L plot and the In[T(L, n)/T(L, n + 1)] vs L plot are shown in Fig. 9(a), (b) . The trends of these two plots are completely different from the corresponding trends derived for the fluorite milled samples. In the present case a plateau appears in the WA plot that is paralleled by a parabolic trend in the VHH plot. Now the (•2)1/2 value (0-0031) determined via the WA method is close to the one (0"0035) determined via the VHH method. According to Crist & Cohen (1979) , as well as to Vogel et al. (1974) , these results could be interpreted in terms of latticeparameter fluctuation which reflects the inhomogeneity of the sample. 24 h instead of 710 K for 24h). In such a way the amount of Na + ions decreased from 3 to 0"5 wt%.* Now, the presence of the monoclinic phase makes the diffractometric analysis much more complicated and less reliable. For the 111 tetragonal reflection the fit must include the two adjacent 111 and 111 monoclinic peaks (see Fig. 10 ). From the integral intensities of these three reflections, the amount of the monoclinic form can also be calculated, following for example the method of Toraya, Yoshimura & Somiya (1984) . *The initially high amount of Na ÷ is very likely the main cause of formation and stabilization for the cubic form of zirconia in the present preparation conditions (see Benedetti et al., 1988) . 3"1 x 10 -a 3"5 x 10 -a Tetragonal zirconia 85 2.7 l l0 4'5 87 25 x 10-3 n.d.
(a) This procedure, based on equation (17) of paper I, is indicated there as procedure (2). It is applied to 111-222 reflections. L is a volumeweighted average crystallite size and e is an upper limit for the strain. In the analysis of the 222 tetragonal reflection a much more complicated cluster of three strong or medium-strong tetragonal reflections (113, 311 and 222) and as many as 12 very weak embedded monoclinic peaks must now be decomposed (see Fig. 11 , where the final result is recorded). In this last case, in order to obtain more reliable results, i.e. to address the fit towards the true minimum, we introduced several conditions into the program. We made the monoclinic reflection maxima vary in the range of _+ 0-05 ~" around the angular 20o positions calculated from the baddeleyte crystalline structure, as reported by Lewis in the JCPDS Powder Diffraction File no. 13-307. We also made the FWHM of the monoclinic reflections vary in the range +0.3 ° around the value of 1.3 ° . This was taken as the most reliable value in the angular range of investigation, on the basis of some measurements done on not too much overlapped and not too weak monoclinic peaks present in the same complex diffraction pattern. The final results are: (D),, = 87 A and (e2) 1/z =2-5 x 10 -3. In this case, as for the cubic zirconia, we obtained a strong difference between the Gaussianity of the two reflections: 1 -r/= 1.1 x 10 -4 (as calculated by the computer) for the 111 peak against 1 -r/= 0-41 for the 222 peak. 
Simplified methods
We have applied both procedures (2) and (3), as indicated in the Simplified methods section reported in I, in order to obtain either the crystallite size or the strain. Table 3 records the results thus obtained for the two samples (cubic zirconia and a mixture of tetragonal and monoclinic zirconia). In the case of single-peak analysis [procedure (3) of I], only the 222 reflection could be used since the 1 ! 1 reflection was found to be almost purely Cauchyian both for cubic and tetragonal zirconia, its Gaussianity probably being underestimated (beyond the tan0 law relevant to the strainbroadening trend). On the other hand, the high sensitivity to error in the Gaussian/Cauchyian ratio content relevant to the single-line analysis is not present in the two-line analysis [procedure (2) of I], for which the parameter to be analysed is the integral peak breadth. As a result, Table 3 shows that the twoline analysis, based on the Halder & Wagner (1966) relationship, gives crystallite sizes for both forms of zirconia very close to those computed with the Warren & Averbach ( 1950 , 1952 method, while the single-line analysis seems to give less-precise results.
The lattice distortions, by contrast, calculated with both 'simplified' procedures are affected by greater errors with respect to those calculated with Fourier methods.
Limits of the methodology: an example
An example of a peculiar system for which the present methodology fails was obtained simply by mixing together 50 wt% of fluorite milled for half an hour and 50wt% of fluorite milled for 3 h, thus creating a bimodal crystallite-size distribution. The attempt to fit the reflection with a single pV function is shown in Fig.  12 . It is possible to see the high residuals so obtained t (Rp = 6"5% and Rp = 9"2%).
All these results hide the presence of two overlapped peaks. As a matter of fact, when two pV with different values of 2~, but having equal integral intensity, are superimposed, the fit leads to parameters similar to those obtained separately from the samples milled for 0.5 and 3 h respectively. Fit with a ,~220 0-085 6-5 6-7 460 750 single peak /440 0.146 6"5 9"2 *The values in parentheses are those for the corresponding not-mixed fluorite samples (see Table 2 ). Table 4 shows the 2co, r/ and (D)v quantities obtained either by decomposing each of the 220 and 440 peaks of the mixture into two superimposed peaks or by considering them as a single reflection• Obviously, the (D)v value obtained in this latter case is intermediate between the values obtained in the cases in which two superimposed peaks are analysed. Therefore, from this example it is possible to conclude that the pV function (and also the Voigt function) cannot explain multimodal crystallite-size distributions.
Other possible limitations of the present model, to be investigated further, are represented by the following situations:
(i) The presence of 'mixed' lattice distortions that give an irregular trend in the VHH plot, like those described by Hosemann, Lange & Hentschel (1985) which is neither linear nor parabolic nor intermediate (as originated by the superimposition of the first two cases)• They could be produced by interferential effects between lattice distortions of different kinds, not independent of each other.
(ii) Monomodal crystallite-size distribution with a pv(L) function skewed towards lower L values, in the opposite direction to that originated by a Cauchyian peak profile. This work was partly supported by the Italian CNR and partly by the Italian Ministry of Education. We thank Professor F. Pinna for providing the zirconia powders and for his helpful criticism of the discussion of results. We thank Mr L. Bertoldo and Mr D. Cannoletta for skilful assistance during experimental work.
